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SOME ASPECTS OF THE APPLICATION OF NUCLEAR ENERGY 
TO SMALL PORTABLE AND AUTOMOTIVE POWER SUPPLIES 

by 

D. R. MacFarlane 

ABSTRACT 

The problem of applying nuclear energy to segments 
of the United States economy other than central station e lec
t r ic power, specifically to small portable power supplies used 
for t ransportat ion purposes, is t reated. A survey of various 
energy conversion devices suitable for use in mobile power 
units is presented. Included also is a comparison of a number 
of energy source-conver ter combinations for application as 
portable power units. It is concluded that storage of nuclear 
energy in chemical fuels is the only feasible way of approach
ing the performance of present day, internal combustion en
gines with hydrocarbon fuels in a future system dependent 
totally on nuclear energy. A prel iminary survey of likely 
chemical fuels f o r sucha nuclear-chemical energy dis t r ibu
tion system is presented. Materials which approach hydro
carbons on an energy density basis are light elements in the 
first three periods of the periodic table having atomic weights 
below about 40. With this cr i ter ion and based oncost , avail
ability and ease of handling, magnesium, aluminum, and s i l i 
con are mater ia l s which look attractive as mass quantity fuels 
for a nuclear-chemical energy cycle. Some discussion of the 
fuel processing cycles and possible types of conver ters for 
these fuels is also included. 

I. INTRODUCTION 

The utilization of the energy of nuclear fission requires the use of 
a relatively large and cumbersome apparatus involving a cer ta in minimum 
quantity of fuel, r egard less of the power, and a large heavy shield to con
tain nuclear radiations from the fission process . This is in contrast to 
chemical fueled energy sources , wherein the size of the energy releasing 
device (fuel burner) is proportional to the energy re lease rate throughout 
the whole size range. Thus, while a nuclear reactor may be comparable 
in bulk and weight (or even enjoy an advantage) to a chemical fueled 
thermal energy source in large size power supplies, the shielded nuclear 
supply becomes intolerably bulky for most small power unit applications. 
Hence, the d i rec t application of nuclear heat to the whole of our energy 



needs has been l i m i t e d to those a r e a s r e q u i r i n g the p r o d u c t i o n of l a r g e 
b locks of power m v e r y l a r g e s ize power u n i t s . The m o s t - a d U y e x 
ploi ted a r e a m th is connec t ion is c e n t r a l s t a t i o n ^ 1 - ' " ^ ^ ° * " f^^^;:;, 
tion Since the s ize l i m i t a t i o n s on n u c l e a r r e a c t o r s a r e i n h e r e n and no t 
subjec t to a p p r e c i a b l e i m p r o v e m e n t , it i s v e r y l ike ly tha t the r e l e a s e of 
n u c l e a r f i s s ion e n e r g y wil l a lways be p e r f o r m e d in l a r g e u n i t s . 

Some p e r s p e c t i v e on our e n e r g y c o n s u m i n g h a b i t s i s g a m e d by 
examina t ion of Table 1 which g ives a t abu la t ion of the e n e r g y - c o n s u m m g 
s e c t o r s in the United S ta te s e c o n o m y . 

Tab le 1 

THE R E L A T I V E IMPORTANCE OF E N E R G Y - C O N S U M I N G 
SECTORS IN THE U.S. ECONOMY, 1955(1) 

P e r c e n t a g e of T o t a l M i n e r a l 
Sgc tor F u e l s and H y d r o p o w e r C o n s u m e d 

Indus t ry ^9.2 
Q C 

C o m m e r c i a l °--' 
Households 1^.6 
T r a n s p o r t a t i o n 20.2 

S e l f - p e r f o r m e d by househo lds 9.3 
S e l f - p e r f o r m e d by gov ' t . 

(excl . m i l i t a r y ) 0.3 
G e n e r a l 10.6 

G o v e r n m e n t 4 .6 
A g r i c u l t u r e 1,8 
M i s c e l l a n e o u s u s e s and l o s s e s 7.1 

Tota l 100.0% 
Consumed in the fo rm of e l e c t r i c i t y 19.2% 

F r o m the da t a of Table 1 then, it i s ev iden t tha t n u c l e a r p o w e r in the g e n 
e r a t i o n of e l e c t r i c i t y can supply a m a x i m u m of about one - f i f t h of o u r t o t a l 
e n e r g y r e q u i r e m e n t s with the p r e s e n t p a t t e r n of e n e r g y c o n s u m p t i o n . 
Actua l ly , the amount of n u c l e a r power input for e l e c t r i c i t y would be s o m e 
what l e s s than th i s s ince the to ta l e l e c t r i c p o w e r g e n e r a t e d r e p r e s e n t s 
some 20% or so p roduced by h y d r o p o w e r and an a d d i t i o n a l quan t i t y g e n 
e r a t e d in qui te s m a l l un i t s which a r e too s m a l l for the a p p l i c a t i o n of 
n u c l e a r r e a c t o r s . 

C u r r e n t p r o j e c t i o n s and e s t i m a t e s i n d i c a t e tha t the w o r l d ' s supp ly 
of foss i l fuels wil l be s e v e r e l y d e p l e t e d and p e r h a p s e x h a u s t e d s o m e t i m e 
within the next o n e - h u n d r e d y e a r s . I n c r e a s e d d e m a n d s for e n e r g y c o u p l e d 
with a h ighe r a v e r a g e s t a n d a r d of l iv ing and i n c r e a s e s in popu l a t i on wi l l 
r e s u l t in a cont inuing r a p i d r i s e in the w o r l d ' s e n e r g y c o n s u m p t i o n . 



Accompanying the increased demands for energy is a continued decrease 
in the supply of fossil fuels. The United States in the 1950's was consum
ing more than one-third of the world 's energy supply.(2) Reduced supplies 
of plentiful fuels a re already being felt in the U.S. as evidenced by the fact 
that we changed from a net exporter of fuel to a net importer in the 
mid-1950's . 

It seems inevitable, therefore, that a large portion of our energy 
needs will have to be supplied from nuclear sources in the future. As 
shown in Table 1, energy consumption for t ransportat ion is a large seg
ment, amounting to about 20% of the total system input. The personal 
automobile (the listing - "Self-performed by households") accounts for 
almost one-half of total t ranspor t uses and 9.3% of the total energy con
sumed. In addition to being a sizable segment of total energy uses , t r a n s 
portation is the a rea most difficult for nuclear power application. All 
other segments of the economy, listed in Table 1, could, in principle, be 
supplied with energy in the form of electricity if it became really nec
essa ry and, thus, could be supplied with central station nuc lear -e lec t r ic 
power. (An exception is "Miscellaneous uses and losses , " accounting 
for 7.1%, in which the energy generating capacity of the mate r ia l is not 
the reason for its use. Rather, it is the physical and chemical charac
te r i s t ics other than combustibility that are exploited.) Transportat ion, 
on the other hand, implies portable power generating devices and, 
therefore, requi res compact energy converters with a t ransportable 
supply of fuel. If the t ransportat ion segment of the economy is to be 
supplied by nuclear energy, a means for distributing the nuclear energy 
in a more easily handled form must be devised. 

A method for distributing nuclear energy which appears to be 
at tract ive is s torage by means of synthesizing chemical fuels in large 
processing plants using nuclear heat. Such a system would not differ 
radically from our present day transportat ion supply methods in that 
the fuels could then be dispensed to various points of distribution and 
made readily available in as small or as large a quantity as desired. 
One difference which might exist would be that the reaction products 
from the energy producing reaction in the converter would probably be 
retained and re turned to the processing plant for regenerat ion. This is 
in contrast to most chemical fuels used today, wherein the reaction 
products a re discarded to the a tmosphere . 

The following discussion, then, t rea t s some of the factors involved 
in selecting chemical fuels for a nuclear-chemical energy distribution sys 
tem. Section II of the repor t gives background information on the various 
energy conversion devices which are available for use in power supplies. 
Section III gives a brief resume of the pa rame te r s for radioisotope, nuclear , 
and selected chemical pr ime energy sources . Various energy source-
converter combinations are discussed in Section IV. Finally, possible chem
ical fuels for a nuc lear -chemica l energy distribution system a re explored 
in Section V and conclusions are given in Section VI. 



II. 
COMPARISON OF VARIOUS ENERGY CONVERTERS 

In considering the application of nuclear energy to small portable 
power supplies, it i s l e c e s s a r y to review briefly the pa ramete r s of various 
enlrgy converters which have been used m small power producing devices. 
By far the most widely used converter for transportation power plants is 
the internal combustion engine, of which the gasoline engme is he p r e 
dominant representative. For this reason, the performance of the gasoline 
internal combustion engine has been chosen as the standard for - - P " - ° -
of other converter-energy source combinations m Section IV of this repor t . 
Table 2 lists parameters for the various energy conver ters . The following 
discussion gives a brief description of the salient features of various con
ver te r s . While it is recognized that some of the devices do not have ap 
plication in automotive power units due to certain size res t r ic t ions , they 
are, nevertheless, included for comparison. 

Table 2 

SUMMARY OF PARAMETERS FOR VARIOUS ENERGY CONVERSION DEVICES 

Conversion Device 

1. Thermoelectric-lead 

telluride 

2. Thermionic converter 

3. Fuel cells 

a. Hydrogen-Oxygen 

b. Regenerative - LiH 

c. Allis Chalmers 
petroleum gas'^' 

4. Photovoltaic cells 

5. Heat engines 

a. Automobile engine 

b. Mercury turbine 
(For space power plant! 

c. Air-cooied aircraft 

6. Magnetohydrodynamic 
(MHD) 

Current 
Size Range 

several watts to 5 kw 

several hundred watts 

up to 10 kw 

several hundred watts 

15 kw 

few milliwatts to 100 watts 

100 kw 

1000 kw 

up to 5000 kw 

11 kw (experimental 
device, not self-sustaining) 

Specific 
Weight 
(kg/kwl 

60-20(11 

15-1.Of 11 

125(3I-15'2) 

85 

75 

10(4l-iooo'51 

4 

2 

1 

'^ ' Projected future performance ^ Solar cells and supporting structure 
^' High pressure cell an unoriented satellite - includes re-

Power 
Density 
(kw/.^) 

0.015 

0,10 

0.01-0.3 

0.05 

0.02 

0.2-0.002 

0.50 

Efficiency (%) 

5-15111 

10-30'1' 

up to 80 

35(11 

60 

10-20'! ' 

20 

12 

25 

50%'!' as a topping uni t 
tor steam cycle 

in ° A mixture of hydrogen and 
petroleum gases 

Operating Limits 

Operating temperatures up to 

540°C with present materials. 

Diff icult mechanical problems 
with high temperature seals 

and close electrode spacings. 

Current densities limited by 
electrode polarization, partic
ular ly with gas electrodes. 

Unfavorable surface-to-volume 
ratio, i.e., large surface area 
per un i t power is required. 

Limited to large size uni ts . 
>1.0 Mw in order to produce 
net power output - needs 
temperature in 3000-5000°F 
range. 

Low pressure cell 
Unsupported solar cells 

dundant cells to assure a continuous 
supply of power as satellite tumbles. 



A. Heat Engines 

A typical passenger automobile engine of the 1 00-horsepower size, 
has a specific weight of around 4 kg/kw. The over-al l efficiency of the 
engine is about 20%. In comparing the specific weight of this converter with 
those giving an electr ical output, the use of the device must be considered. 
If the ultimate end use of energy is in the form of motion and mechanical 
force, as in the case of an automobile, the devices which produce an e l e c 
t r ica l output have a penalty due to the addition of the weight of electr ic 
moto r s . If the ultimate end use of the energy is as e lect r ical power, then 
the automobile engine incurs a s imilar penalty due to the addition of the 
weight of an electr ic generator . 

A lightweight mercury-cyc le turbine producing a 1 -Mw elect r ica l 
output as described in Reference (3) has a specific weight, including the 
mercury inventory and electr ic generator , of 2 kg/kw. This turbine-
generator has a ra ther low net cycle efficiency of 12% due to the fact that 
it is used in a power cycle designed to maximize radiator tempera ture and 
minimize radiator size in a space power plant. A central station steam 
turbine with an over-a l l cycle efficiency of perhaps 35% and no part icular 
attempt being made to minimize weight would weigh about 18 kg/kw. 

The highest power-to-weight ratio for an energy conversion device 
other than rocket or jet engines is given by an air-cooled aircraf t engine. 
Such engines have specific weight of about 1 kg/kw and an over-a l l efficiency 
of about 25%. 

B. Thermoelect r ic Devices 

Although thermocouples have been used for yea r s , thermoelect r ic 
power producing devices are in a very early stage of development. At p r e s 
ent they are feasible for power supplies in the several hundred watt size 
range, and the largest size thermoelect r ic unit constructed so far is a 
5000-watt power supply built for the U.S. Navy. Lead telluride is considered 
to be the only truly operational thermoelectr ic mater ia l available today. 
Other promising thermoelec t r ics that are current ly being developed are 
cadmium sulphide, cobalt silicide, and gadolinium selenide. These mate r ia l s 
offer Seebeck coefficients comparable to that of lead tel luride, but high t e m 
perature performance as well.^'*'-'' 

Thermoelect r ic mater ia l s have been used in the SNAP ser ies of gen
e ra to r s for space applications and will be used in future units of this type 
now under development having power outputs up to 125 watts . Thermoe lec 
t r ic conver ters are also being used in power supplies for remote arct ic 
weather relay stations and also in navigational buoys current ly under develop
ment. The commercia l applications of thermoelect r ic devices have been 
l imited, although recently several thermoelect r ic cooling devices including 
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,„rl a «mal l r e f r i g e r a t o r have b e e n put on the m a r k e t . 
an office w a t e r - c o o l e r and ^ f ^ ^ ^ ^ J ^ / ^ / t h e r m o e l e c t r i c e l e m e n t s for p o w e r -
Another c o m m e r c i a l app l ica t ion u t i l i z e s m e r 
Anotner c g a s - f i r e d h o m e h e a t i n g uni t , 
ing an a i r c i r cu l a t i on tan m a gds 

„=i»r- t r i r d e v i c e s r u n s about 5% today , but they The eff iciency of t h e r m o e l e c t r i c a e v i c e s u r u tii;o7„ 
t h e e l l i c iency „ i H m a t e l v v ie ld ing e f f i c i e n c i e s of abou t 15%. 

1 T f l l ^ n d t d ^ : L r w e i : n s f m l l r i i s c o u r a g i n g in t h i s r e s p e c t , and 
r ^ s t u s r r a t ? : : " the upper t e m p e r a t u r e l i m i t shou ld be r e d c d f r o m 
1100°F to 8 0 0 ° F or 9 0 0 ° F for long- l i fe o p e r a t i o n A ^ ; * The spec i f i c weigt i t 
o! c u r r e n t t h e r m o e l e c t r i c d e v i c e s i s about 60 k g / k w and m a y be r e d u c e d to 
p e r h a p s 20 k g / k w with i m p r o v e d p e r f o r m a n c e m a t e r i a l s . 

C. T h e r m i o n i c Devices 

T h e r m i o n i c c o n v e r s i o n d e v i c e s a r e s o m e w h a t b e h i n d the t h e r m o e l e c 
t r i c s s ince the c o n v e r t e r s built to date have a l l b e e n proof of p r i n c i p l e o r 
e x p e r i m e n t a l dev ices and have not been c o n s t r u c t e d for any spec i f i c use fu l 
power app l ica t ion . The m a x i m u m power output on t h e s e e x p e r i m e n t a l d e v i c e s 
h a s been about 100 w a t t s . 

An idea l t h e r m o e l e m e n t should have a good e l e c t r i c a l c o n d u c t i v i t y 
and a low t h e r m a l conduc t iv i ty . T h e r m i o n i c d e v i c e s a p p r o a c h t h i s i d e a l 
m o r e c lose ly than do the t h e r m o e l e c t r i c d e v i c e s and , a s a r e s u l t , m a y be 
expec ted to yie ld h ighe r e f f i c i enc i e s . The e f f i c i enc i e s of e x p e r i m e n t a l d e 
v i ce s built so far have been a s high a s about 15%. It i s e x p e c t e d tha t fu ture 
p r a c t i c a l t h e r m i o n i c c o n v e r t e r s will give e f f i c i enc i e s up to 30%.^ > A c u r -
ren t t h e r m i o n i c c o n v e r t e r would have a spec i f ic we igh t of about 1 5 k g / k w 
and, with expec ted i m p r o v e m e n t s , t h i s migh t be r e d u c e d to 1.0 k g / k w in 
future d e v i c e s . 

T h e r m i o n i c dev ices a l s o have the a d v a n t a g e tha t it i s f e a s i b l e to c o n 
v e r t the e l e c t r i c a l output f r o m d-c to a - c d i r e c t l y in the dev i ce by the u s e of 
a s m a l l g r id vo l t age . In c o n s i d e r i n g the a p p l i c a t i o n of t h e r m i o n i c c o n v e r t e r s 
to n u c l e a r power s o u r c e s , t h e r e m a y be s o m e b e n e f i c i a l ef fect f r o m the n u 
c l e a r r a d i a t i o n s in that they can be u s e d to r e d u c e the s p a c e c h a r g e . 

D. Magne tohydrodynamic (MHD) D e v i c e s 

The nnagne tohydrodynamic c o n v e r t e r s y s t e m i s in an e a r l y s t a g e of 
deve lopmen t . F e a s i b i l i t y h a s b e e n d e m o n s t r a t e d with an 1 1 -kw g e n e r a t o r 
built by the A v c o - E v e r e t t R e s e a r c h L a b o r a t o r y . ( ' ' ) In o r d e r to ob t a in suf
f ic ient ly high gas e l e c t r i c a l c o n d u c t i v i t y , v e r y high gas t e m p e r a t u r e s a r e 

• A d v a n c e s a r e being m a d e on a l t e r n a t e m a t e r i a l s . The Rad io C o r p o r a 
t ion of A m e r i c a r e p o r t s in the D e c e m b e r 7, 1961, i s s u e of M a c h i n e 
Design that they have d e v e l o p e d a t h e r m o e l e c t r i c m a t e r i a l wh ich wi l l 
o p e r a t e at 1 8 0 0 ° F , t h e r e b y giving h i g h e r e f f i c i e n c i e s . 
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required in the generator . However, due to the absence of hot, highly s t ressed , 
moving par t s , a MHD generator should be able to handle high tempera tures 
thereby permitting high thermodynamic efficiencies. Calculations by workers 
at Avco indicate that MHD generators may be considerably lighter in weight 
than conventional turbine genera tors . MHD devices require t empera tures 
greater than 3000°F and, obviously, the attainment of such high tempera tures 
in continuously operating units requires significant advances in mater ia l s 
technology. 

If MHD systems are to be used as central station conver ters , they 
would probably be used as topping devices, with the reject heat from the 
MHD portion of the plant going to a conventional turbine-generator . A high 
heat reject temperature of the MHD generator is a requirement since the 
device depends on thermal ionization of the gas to maintain a high gas e l ec 
t r ical conductivity. The MHD generator is limited to sizes greater than 
about one megawatt. This resul ts from the fact that in small size generators 
the magnetic field excitation requirements and the heat transfer losses ex
ceed the electr ical output of the generator . Thus it does not appear that MHD 
generators will have application as small power supplies. 

E. Fuel Cells 

Although the fuel cell is over one-hundred years old, attempts to 
build a pract ical and workable cell were unsuccessful until a few years ago. 
Basically the fuel cell is a continuous feed pr imary battery and the mater ia l s 
which react in the cell to produce an EMF can be continuously replaced as 
the reaction proceeds . This means that the operating lifetime of the cell is 
no longer limited by the amounts of reacting mater ia l s which can be stored 
in the cell proper as in the case of conventional ba t te r ies . When considering 
the fuel cell as an energy conversion device, the most frequently mentioned 
charac te r i s t ics are the high conversion efficiency and lack of moving pa r t s . 
Since a fuel cell operates isothermally and escapes the Carnot limitation of 
a cycle involving tempera ture changes, efficiencies greater than 90% are 
theoretically possible for some types of cel ls . Of course , actual efficiencies 
will always be less than theoretical since the cells are subject to losses due 
to electrode polarization and internal res is tance as are conventional ba t te r ies . 
Also, par t icular ly in h igh- temperature cel ls , losses in efficiency result from 
undesirable side reactions and heat l o s ses . Even so, practical efficiencies 
as high as 80% have been obtained with some types of ce l ls . 

The current development of fuel cells is directed toward pract ical 
operating sys tems from several watts up to about 100 kw. Most of this 
development in the United States is government financed with the objective 
of mi l i tary application. The most highly developed fuel cell system at the 
present time is the hydrogen-oxygen cell, wherein hydrogen and oxygen gas 
a re fed to respective electrodes immersed in an electrolyte solution. The 
Union Carbide hydrogen-oxygen cell(8) operates at 70°C and atmospheric 
p r e s su re and is an example of the low-pressure type of cell . The Bacon 
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11 (9) nnerates at 200°C and 40 atm. Representative specific 
high-pressure celH^' operates a ^^^ low-pres su re , low-
weights for hydrogen-oxygen cells are 1^5 Kg/ TO date the 

. =11 p,nrl 15 kg/kw for the h igh-pressure cell . T o d a t e , t n e 
temperature cell ^"^ ' ^ ^ ^ f J ^ ^ constructed in multicell units ranging up 
hydrogen-oxygen cells have oeen cox 
to about 10 kw. 

Another class of fuel cells is represented by the All is-Chalrners 
.11.(10) This cell operates at low p res su re and a relat ively 

C 2 : ; ^ i S : r f u t l ^ r m ^ : ; : of petroleum gases and the oxidant 
T o ™ * As in the case of the hydrogen-oxygen cell , the electrode r e -

oxygen ^^^^^^^^^^^ ^^ catalysts on the electrode surfaces . This type of 
: : r i r s r e : w V i ^ r U ^ g e 15:kw muUiceU unit and used m a d e - n s t - t i o n 
to power a tractor driven by electric motors . The specific weight of the cell 
is 75 kg/kw and the efficiency is reported as 60%. 

Another type of fuel cell which deserves mention is the thermal ly 
regenerative cell. The most promising to date in this category is the lithium 
hydride cell proposed originally by Mine Safety Appliance Research Corpora
tion (1^) In the MSA cell, liquid lithium and gaseous hydrogen are reacted to 
form lithium hydride. Lithium hydride is unstable at elevated tempera tures 
and decomposes to give hydrogen and lithium. By removing the lithium 
hydride reaction product from the cell electrolyte and heating it to an elevated 
temperature, it is possible to regenerate the individual reactants - lithium 
and hydrogen. Development work on this fuel cell has also been car r ied out 
by the Thompson Ramo Wooldridge Company and they have built a multicell 
unit with an output of 500 watts. The specific weight of the TRW cell is 
85 kg/kw. So far the lithium hydride fuel cell has been operated in the 
Laboratory by feeding lithium and hydrogen continuously to the cell . The 
feasibility of a continuous cyclic regeneration process to reform hydrogen 
and lithium is yet to be demonstrated. The electrolyte for the lithium hydride 
cell is a mixture of fused sal ts . The operating tempera ture is above the melt
ing point of the salts and is upwards of 400° C. 

Perhaps the best performance in t e rms of weight per unit of electrical 
output and power density is obtained with the fuel cell systems using metallic 
fuels. Representative of this type of fuel cell are the zinc-chlorine cell and 
the sodium-oxygen cell. In the sodium-oxygen cell,(12,13) sodium and oxygen 
are reacted at their respective electrodes to form sodium hydroxide. The 
electrolyte is a solution of sodium hydroxide. Because of the great reactivity 
of sodium with water, it is necessary to feed the sodium as an amalgam con
taining about 0.5 wt-% sodium. This cell is under development for the Navy's 
Bureau of Ships with the objective of producing a prototype power plant which 
will develop 75 kw. The specific weight of the cell has been reported as 7 kg/kw. 
This weight-to-power ratio is the best that has currently been reported for a 
fuel cell. 

*The operational tes ts to date with this cell operating on mixtures of 
petroleum gas and hydrogen have been discouraging. However, the cell 
gives satisfactory performance when operated on pure hydrogen. 
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F . Photovoltaic Devices 

When the silicon cell was first announced in 1954 by its inventors at 
the Bell Telephone Labora tor ies , the nominal solar energy conversion ef
ficiency (at room temperature) was given as 6%. This was about ten t imes 
bet ter than the selenium cell, the best previously known photovoltaic con
ve r t e r . Since then, continued resea rch and development has raised the con
version figure of mer i t to 14%, with production quantities of cells available 
in the range of 10-12%. Because of the nature of light and of silicon, the 
theoretical maximum efficiency is est imated to be less than 20%. The spec
t ra l response of silicon solar cells lies mainly in the visible and near infra
red regions of the solar spectrum, peaking at about 0.8 microns . Incident 
radiation of wave length shorter than about 1.1 microns is capable of being 
absorbed in the top portion of the solar cell and converted directly into 
electricity.(14) Solar cell power units have been built in sizes ranging from 
several milliwatts up to about 100 watts . The six-inch Vanguard satellite 
used a solar cell power supply which supplied about 40 mill iwatts . 

The specific weight of an unsupported cell in direct sunlight is 1 0 kg/kw 
for a 12% efficient cell . This is an ideal figure and can be considered to be 
the best that is obtainable with cells current ly available. Indeed, these fig
ures a re reduced considerably in some applications. For example, the 
specific weight of a solar power supply in an unoriented satellite in sunlight 
100% of the time with no storage would be 1000 kg/kw. The weight increase 
is due to reduction in efficiency by protective plates for the ce l ls , s t ructural 
mater ia l s to support the cel ls , and a multiplicity of supplies to assure a con
tinuous power output as the satellite tumbles. Of course , some of these p ro 
visions would not be required in an earth-bound power supply and a specific 
weight of 50 to 100 kg/kw for such a t e r r e s t r i a l solar power supply might 
be expected. 

An inherent feature of solar power supplies is their required high 
surface-to-volume rat io . A 100-watt supply containing 10,600 silicon cells 
constructed by the International Rectifier Corporation consists of a panel 
measuring about 1.5 me te r s on a side. This large surface a rea requirement 
is a disadvantage for small size mobile power supplies. It may even be a 
limiting factor in large power generation units located in deser t a reas where 
in the losses due to collection of power over a large a rea may become in
ordinately high. Such factors must be considered when examining specific 
applications for solar ce l ls . 

G. Energy Storage Devices 

The t e rm "energy s torage" implies the storage of energy by means 
of some device so that it may be re leased readily in a desired form at some 
future t ime . By this definition transportat ion power supplies a re also energy 
storage devices, since the energy converter and fuel supply constitute a unit 
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future t i m e when n e e d e d . The e n e r g y s t o r a g e 
which can give power at some t c o n v e r s i o n but s t o r e 

l a ted in Table 3. 

Table 3 

PARAMETERS FOR ENERGY STORAGE D E V I C E S * 

B a t t e r i e s 

Lead acid 
Ruben m a l l o r y ( m e r c u r y ce l l ) 
Z i n c - s i l v e r oxide 
Edison cel l ( n i cke l - i ron ) 
Lelanche (dry cel l) 

Mechanica l 

Speci f ic E n e r g y 
( k c a l / g ) 

0 
0 
0 
0 
0 

.030 

.091 

.122 

.028 

.047 

c . „ 6.0 X 1 0 ' 
Spr ings 
F lywhee ls 4 . 7 x 1 0 " 

* S o u r c e : R e f e r e n c e 15 
Note: to c o n v e r t va lue s in Tab le to w a t t - h r / k g 

mul t ip ly by 1163. 

When speaking of such d e v i c e s , an i m p o r t a n t f i gu re of p e r f o r m a n c e 
is the e n e r g y s to r ing capab i l i t y in e n e r g y un i t s p e r uni t w e i g h t . T h e r e a r e 
many ways of s to r ing e n e r g y such a s c h a r g i n g c a p a c i t o r s , p u m p i n g w a t e r 
uphill and winding s p r i n g s , but the m o s t conven ien t and ef f ic ient m e t h o d for 
a wide v a r i e t y of u s e s i s the e l e c t r i c b a t t e r y . Unfo r t u n a t e l y , b a t t e r i e s a l 
though they a r e b e t t e r than m a n y a l t e r n a t e d e v i c e s , have r e l a t i v e l y l i m i t e d 
ene rgy s to r age c a p a b i l i t i e s . F u t h e r m o r e , t h e y a r e e x p e n s i v e and the s t o r a g e 
of l a r g e quant i t i es of e n e r g y by th i s m e t h o d i s v e r y c o s t l y . 

One of the f a c t o r s l im i t i ng the s t o r a g e c a p a c i t y of b a t t e r i e s i s the 
r a t h e r low m a t e r i a l e f f ic ienc ies which can be a t t a i n e d , i . e . , the quan t i t y of 
r eac t an t p r e s e n t in the b a t t e r y e l e c t r o d e s i s s e v e r a l t i m e s the a m o u n t which 
ac tua l ly r e a c t s before the b a t t e r y is c o m p l e t e l y d i s c h a r g e d . The fuel c e l l 
c i r c u m v e n t s th is p r o b l e m by c o n t i n u o u s l y feeding r e a c t a n t s to the ce l l and 
t h e r e b y g ives m a t e r i a l e f f i c i enc ie s of c l o s e to 100%. 
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III . COMPARISON O F VARIOUS HEAT SOURCES 

The g a s o l i n e engine and the fuel c e l l a r e c o n v e r t e r s which r e q u i r e 
no e x t e r n a l a p p a r a t u s for b u r n i n g the fuel , i . e . , the fuel r e a c t s wi th in the 
dev ice and the output i s m e c h a n i c a l e n e r g y in the f o r m of t o r q u e in one 
c a s e or e l e c t r i c a l e n e r g y in the o t h e r . T h e r e f o r e , e i t h e r of t h e s e d e v i c e s 
r e q u i r e s e n e r g y input in the f o r m of a c h e m i c a l fuel su i t ab l e for the spec i f ic 
r e q u i r e m e n t s of e a c h c o n v e r t e r . T h e r m o e l e c t r i c , t h e r m i o n i c and i n d i r e c t 
cyc le t u r b i n e power p l a n t s , on the o the r hand , depend upon e n e r g y input in 
the f o r m of h e a t , and thus r e q u i r e add i t iona l a p p a r a t u s to supply th i s h e a t . 
T h e r e f o r e , i t i s p o s s i b l e to c o n s i d e r the app l i ca t ion of n u c l e a r or r a d i o 
ac t ive i so tope h e a t in add i t ion to c h e m i c a l h e a t for t h e s e c o n v e r t e r s . In 
o r d e r to c o m p a r e the c h e m i c a l fueled s y s t e m s with i so tope or n u c l e a r 
r e a c t o r p o w e r e d s y s t e m s , it i s n e c e s s a r y to know p a r a m e t e r s for t h e s e 
v a r i o u s fuel s u p p l i e s . 

A. I so tope Hea t 

The w e i g h t - t o - p o w e r r a t i o s for s o m e r a d i o a c t i v e i s o t o p e s which 
have been c o n s i d e r e d for hea t s o u r c e s r a n g e s f r o m about 8.9 k g / k w for 
s t r o n t i u m - 9 0 to a va lue of 0.0075 k g / k w for po lon ium-21 0. Tab le 4 s u m 
m a r i z e s the power output and ha l f - l i f e da ta for a n u m b e r of r a d i o i s o t o p e s . 

Table 4 

TYPICAL RADIOISOTOPE HEAT SOURCES* 

C m 

Pu'-

C e " 

S r " 

Mode of 
Decay 

Alpha 

Alpha 

Alpha 

Beta 

Beta 

Beta 

Beta 

Half Life Fuel F o r m 

138 d 

162 d 

86.4 yr 

285 d 

2.6 yr 

33 y r 

28 yr 

Po 

CmzOj 

PuC 

CeOj 

PniiOj 

CsCl 

S rT iO, 

* Source : Reference 5 

T h e r m a l Specific Es t ima ted 
Density Power Weight Costs 
(g/cm^) (wa t t / cm ' ) (kg/kw) ($ /wa t t ) 

9.3 

11.8 

12.5 

6.4 

6.6 

3.9 

4.8 

1320 

1169 

6.9 

12.5 

1 .1 

1.27 

0.54 

0.0075 

0.010 

1 .8 

0.51 

6.0 

3.1 

8.9 

45 

1600 

14 

1630 

54 

23 

F r o m the p r o j e c t e d c o s t s l i s t e d in the l a s t c o l u m n of Table 4, it i s 
s e e n tha t r a d i o i s o t o p e s a r e indeed v e r y e x p e n s i v e hea t s o u r c e s . F u r t h e r 
m o r e , it a p p e a r s tha t they wil l a lways be e x p e n s i v e s ince the a r t i f i c i a l l y 
p r o d u c e d i s o t o p e s r e q u i r e i r r a d i a t i o n in r e a c t o r s , and the i s o t o p e s ob ta ined 
f r o m f i s s ion p r o d u c t s r e q u i r e e x p e n s i v e c h e m i c a l p r o c e s s i n g to s e p a r a t e 
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. t H that a value 0.10 watts /g is the minimum useful them. It has been stated that a value ^^^^ ^^^ ^^^ ^^ f i x t u r e s 

specific power for a pure ^-^\°^'"'°J^^^,^^^ of o„ly 0.01 wat ts /g due to 

: h ? Z r y ^ o f ^ i r lif^ f i : : r o r : ; : d : c r Therefore, prospects for a cheap 

gross fiJsion product heat source are discouraging. 

. J . „ . nf isotope heat sources is the fact that the power 
Another disadvantage of - ° ^ ° P ^ ^ ^ regardless of demand loads. This 

supply operates at ^^^^^^^^^^'J^efe thT power supply would be operated 
is undesirable f ° - P P ^ ^ ^ ^ J^^^,; ^f .adioisotopes 'from fission products 
i f d ^ r e n d r upot\\°e n l t l u f d TapaJity of nuclear power plants and, hence, 
; : probably limited to relatively small quantities for some time to come. 

B. Nuclear Reactor Heat 

In considering the use of nuclear reactors as heat sources for small 
mobile power supplies, the reduction of shielding weight to a reasonab e 
value presents one of the major problems. In the mobile nuclear reactor 
power plants considered thus far where weight is a limiting factor, such as 
the Aircraft Nuclear Reactor, the SNAP ser ies of space power r eac to r s , and 
the Lunar Power Reactor,(3) the approach has been to provide very limited 
shadow-type shielding or, where possible, to eliminate shielding entire y. 
An example of this latter approach is the LPR wherein the reactor would be 
set into a hole in the moon's surface. Figure 1 shows the specific weight 
(kg/kw) plotted versus reactor output (kwt) for the SNAP ser ies of reac tors 
and the LPR. The data of the curve includes no weight for shielding. Included 
on the figure for comparison are the specific weights of some of the rad io
isotope heat sources. 

The SNAP reactors( ' ' ' t are zirconium hydride moderated, using a 
homogeneous mixture of zirconium hydride and uranium for fuel e lements . 
Consequently, below about 1000 kwt the reac tors are cr i t ical i ty limited and 
the specific weight shows a sharp reduction with reactor output up to this 
power level. Above this power level, the reac tors a re heat t ransfer limited 
and the reduction in specific weight with reactor output becomes much more 
gradual. Since they are cri t ical i ty-l imited, it is not possible to reduce the 
weights of these small reactors greatly. Some reduction might be possible 
should it be advisable and reasonable to use small fast r eac to r s . In any 
event, the fast reactor systems offer gains in the la rger size power plants 
since their power densities are higher. The penalty imposed by shielding 
in the small size reactors may be i l lustrated by the fact that the SNAP-2 
(50 kwt) reactor weight would be increased by a factor of 100 or so if con
tinuous personnel access were required. 
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LUMAR POWER PLANT -

I M i l l I 11 ml I I M II 

REACTOR OUTPUT - kwt 

FIG. 1 

SPECIFIC WEIGHTS OF REACTOR HEAT SOURCES AND 
(HO SHIELDING) 

ISOTOPE HEATERS 

C. C h e m i c a l F u e l s 

When c o m p a r i n g c h e m i c a l power with n u c l e a r r e a c t o r or r a d i o 

i so tope hea t s o u r c e s , an i m p o r t a n t p a r a m e t e r i s the e n e r g y a v a i l a b l e pe r 

unit weight of c h e m i c a l fuel . Tab le 5 i s a t abu la t ion of the spec i f ic e n e r g y 

s t o r a g e for a n u m b e r of c h e m i c a l fuel s y s t e m s . 

S P E C I F I C ENERGY OF SOME CHEMICAL F U E L SYSTEMS 

Fuel 

Liquid hyd rogen 
Boron hydr ide (B5H9) 
I s o - o c t a n e 
Liquid hyd rogen 
I s o - o c t a n e 
I s o - o c t a n e 
Hydrogen gas in p r e s s u r e tanks 

Oxidant 

Specific E n e r g y 
of Fue l Sys t em* 

(kca l /g ) 

A t m o s p h e r i c oxygen 
A t m o s p h e r i c oxygen 
A t m o s p h e r i c oxygen 
Liquid oxygen 
Liquid oxygen 
Oxygen gas in p r e s s u r e t anks 
Oxygen gas in p r e s s u r e t anks 

28.9 
17.0 
10 

3 
2 
0 
0 

6 
21 
36 
294 
120 

* Inc ludes weight of fuel, ox id i ze r (except where a t m o s p h e r i c oxygen 
i s used) , and tankage (where m a t e r i a l s a r e c a r r i e d as gases)--



t, ...-̂  air owes the best performance Liquid hydrogen burned ^.hatmos^her^c^ai^r^gi^^ ^^^^^ ^P^^^^^ ^^ 

with a specific energy of 28.V ^<:aVg ^ ^^^^^ i^es a value of about 
,7.0 kcal/g. Gasoline, represented by iso octane g ^^ 
one-thi.d that of liquid hydrogen o^^l^^^/^l „, ,,^^,, oxygen,correspond-
the oxidizer along with the fuel, '^J ^^ ^^^^_ The poorest 
ing reductions in energy ^ ' ^ f ^ 1 ^ ^ ^ ; , " ' ^ ' y ^ ^ d oxygen as gases in p re s su re 
storage capability - °^ - ^ ^ J ^ ^ ^ ' ^ ' ^ ^ ^ e " f igu res 'Low the very favorable 
tanks with a value only O'̂ ^O kcal /g. I h g ^^^ ^^^^^^^ ^ passenger 
r^ricitinn nf liauid hvdrocarbon lueis wiui ic=t^c^ . , ^ j- -- i 
a — b i l e a r r ies three times more potential energy per unit weight of fuel 
thanToes an advanced rocket using liquid hydrogen and liquid oxygen fuels. 
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where, 

IV. COMPARISON OF SOME HEAT SOURCE-
CONVERTER COMBINATIONS 

The pa ramete r s for some of the conversion devices and fuels a re 
combined to roughly i l lustrate what systems have the best performance in 
t e r m s of minimum weight requirements for different duration miss ions . 
For purposes of reference, the application chosen is that of the conventional 
gasoline automobile engine. The power output of such a unit is of the order 
of 100 hp or 75 kw. In making the comparisons, it is necessary that the 
final output of the power plant be mechanical force; therefore, the electr ical 
systems (solar cel ls , ba t te r ies , etc.) require an electr ic motor. The nuclear 
system uses an indirect cycle l iquid-metal-cooled reactor with a heat ex
changer and gas turbine. 

If we consider a power plant consisting of a converter or heat source 
and a fuel supply, then, 

E r)E£ i 

E = over-a l l specific energy of converter and fuel, kca l /g , 

T) = thermal efficiency of converter , 

i = duration of mission, hr , 

W = summation of specific weight t e rms for converter and heat 
source , g / (kcal /hr) of output,* 

E£ = specific energy of fuel, kcal /g 

Figure 2 contains plots of Eq. (l) for a ser ies of sys tems. The values for 
the specific weights of conver ters and heat sources are taken from 
Table 2 and Fig. 1. The specific energies of chemical fuels are taken 
from Table 5. The over -a l l efficiency for the automobile engine is 20%. 
The hydrogen-oxygen fuel cell was assumed to have an efficiency of 70%. 
The specific weight of the cell was taken as 15 kg/kw, representat ive of 
the best which might be attained with high p re s su re cel ls . A specific 
weight of 100 kg/kw was used for the solar cel ls , intermediate between 
values for unsupported cells and actual values obtained in the Vanguard 
satell i te. 

The specific weight of the unshielded reactor heat source plus heat 
exchangers and gas turbine is 8 kg/kw. The over-a l l efficiency of the cycle 
is 25%. 

*g/ (kcal /hr) = 1.162 x kg/kw. 
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SPECIFIC ENERGY - kcal/gn 

SPECIF 

1 ^̂  
C ENERGY 
ERAL CON 

F IG . 

vs Ml 

ERTER 

2 

SS ON DURATION 
FUEL SYSTEMS 

FOR 

Since the use of an unsh ie lded r e a c t o r is i m p o s s i b l e for a p p l i c a t i o n a s a 
p a s s e n g e r vehicle power supply, the c u r v e is inc luded only for c o m p a r i s o n . 
The specific weight of p r in t ed c i r c u i t e l e c t r i c m o t o r s for u s e wi th the 
ba t t e ry , fuel ce l l , and so la r ce l l power supp l i e s is 6 k g / k w . 

As seen f rom the fo rm of Eq. ( l ) and the c u r v e s of F i g . 2, the 
weight of the c o n v e r t e r a n d / o r hea t s o u r c e b e c o m e s l e s s i m p o r t a n t for 
the chemica l - fue led s y s t e m s as the d u r a t i o n of m i s s i o n i n c r e a s e s and the 
specific energy of the power plant plus fuel supply a s y m p t o t i c a l l y a p p r o a c h e s 
the product of the c o n v e r t e r efficiency and the spec i f i c e n e r g y of the fuel . 
Thus , the high p r e s s u r e h y d r o g e n - o x y g e n fuel ce l l us ing l iquid h y d r o g e n 
and oxygen is about equiva lent to the ga so l ine engine for d u r a t i o n s g r e a t e r 
than 100 h r , s ince the p roduc t s of t he i r r e s p e c t i v e e f f i c i enc ie s and fuel 
specific ene rg i e s both equal about 2 k c a l / g . * 

The dev ices for which the d u r a t i o n of o p e r a t i o n is l i m i t e d by the 
l i fet ime of the c o n v e r t e r , i . e . , n u c l e a r r e a c t o r s and s o l a r c e l l s show a 
l inear i n c r e a s e in specif ic e n e r g y wi th m i s s i o n d u r a t i o n . The l o n g e r they 
can be ope ra ted , the h igher wi l l be the spec i f ic e n e r g y of the s y s t e m , and 
l imi t s a r e set by this l i fe t ime r a t h e r than the p r o p e r t i e s of a fuel . 

*The a s sumpt ion m a d e h e r e is that c r y o g e n i c s t o r a g e of h y d r o g e n and 
oxygen r e q u i r e s the s a m e p e r c e n t a g e weight a s t ankage for g a s o l i n e . 
While it is r e cogn i zed that th i s is by no m e a n s the c a s e , t h e s e c o m 
pa r i sons w e r e m a d e m a i n l y f r o m the v iewpoint of the i n h e r e n t l i m i t a 
tions of the va r ious c h e m i c a l fuels and thus define uppe r l i m i t s . 
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Of course, there is an upper limit to the amount of energy stored in a given 
mass of nuclear fuel, but considerations of reactivity loss , etc. , will 
dominate for a nuclear reactor heat source. 

For application to passenger vehicles, the mission durations up to 
10 hr or so a re of interest . The curves of Fig. 2 a re best used as an indi
cation of the relative positions of the various power plants. The high p r e s 
sure hydrogen oxygen fuel cell is within a factor of two of gasoline engine 
performance. Needless to say, considerations of practicality have been 
set aside in making this comparison since the t ranspor t of liquid hydrogen 
and oxygen as fuel in a passenger vehicle is not currently feasible. 

Neither is the unshielded reactor practical for such an application 
and, again, it is included for comparison. It is estimated that addition of 
adequate shielding will increase reactor weight by a factor of 100 or so. 
This, then, reduces the nuclear reactor to the poorest position of all the 
systems considered. 

If the solar cells provide the steady state automotive power supply 
output of 75 kw alone (without storage), the area required is about 1680 sq 
nneters or an a rea 41 mete r s on a side. This is unreasonably large and 
even if the projected maximum efficiencies of the cells are attained, an 
improvement of only a factor of 2 or so resul ts . 

The hydrogen-oxygen fuel cell combined with fuel supplies as 
gases in steel p r e s su re tanks gives performance approaching the best 
chemical ba t te r ies , but still a factor of 5 below that obtainable if the 
hydrogen and oxygen are liquified. This weight penalty for tankage applies 
to gaseous electrode fuel cells in general , and methods such as liquifica-
tion or other compact storage must be adopted if their performance is to 
greatly exceed that of the best conventional bat ter ies . 

The foregoing discussion has shown the relative performance of a 
ser ies of fuel-converter combinations in t e rms of the weight required to 
store a given quantity of energy for missions of various durations. It is 
evident that the direct application of nuclear power to small portable 
power supplies for surface t ransportat ion is not feasible. Storage of 
energy in chemical fuels is a necessary feature of future distribution of 
nuclear power for small automotive power supplies. The remaining sec
tions of the repor t are devoted to a discussion of the possibilities and 
limitations of various chemicals which might be successful al ternates to 
hydrocarbon fuels. 
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V F U E L S FOR USE IN A N U C L E A R - C H E M I C A L 

ENERGY DISTRIBUTION CYCLE 

A. Cha rac t e 
r i s t i c s of a D e s i r a b l ^ ^ h e m i c a l ^ u e l for A u t o m o t i v e 

T r a n s p o r t a t i o n 

In o r d e r for a c h e m i c a l to be used wide ly in s u r f a c e t r a n s p o r t a t i o n 
power plants and handled on a rout ine b a s i s , t h e r e a r e c e r t a i n ^ - t e - a s 
L ene rgy s to r age capabi l i ty , toxic i ty , s t ab i l i t y , and abundance of fuel supply 
sou rce which m i s t be me t . While many of t h e s e r e q u i r e m e n t s a r e o b v i o u s , 
they a r e n e v e r t h e l e s s r ev iewed h e r e as an aid to the l a t e r d i s c u s s i o n s . 

1. Energy Storage Capabil i ty 

In o r d e r for a fuel to be c o n s i d e r e d at a l l it m u s t have a r e a 
sonable m i n i m u m ene rgy s t o r a g e capab i l i ty . F o r p u r p o s e s of c o m p a r i s o n , 
the m o s t common fuel for t r a n s p o r t a t i o n use today n a m e l y , g a s o l i n e , has 
a s to rage capabi l i ty of 10.6 k c a l / g or 7.5 k c a l / c m \ T h e s e a r e v a l u e s 
which should be kept in mind in c o n s i d e r i n g a l t e r n a t e c h e m i c a l fue l s . 
The r e l a t ive i m p o r t a n c e of the ene rgy pe r uni t we igh t and e n e r g y p e r uni t 
volume f igures depend on the p a r t i c u l a r app l i ca t i on invo lved . F o r s u r f a c e 
t r a n s p o r t a t i o n m i s s i o n s , the s t o r a g e per uni t vo lume is p r o b a b l y the m o r e 
c r i t i c a l p a r a m e t e r s ince , in g e n e r a l , a two or t h r e e - f o l d i n c r e a s e in the 
weight of fuel could be t o l e r a t e d , w h e r e a s c o r r e s p o n d i n g i n c r e a s e s in the 
volume r e q u i r e d could cause p r o b l e m s . C o n v e r s e l y , in a p p l i c a t i o n s such 
as a i r c r a f t the total weight of the fuel is p robab ly the m o r e i m p o r t a n t 
cons ide ra t ion . 

2. Chemica l C h a r a c t e r i s t i c s of F u e l 

In o r d e r for a fuel to be widely u s e d on a r o u t i n e b a s i s , it m u s t 
be re la t ive ly easy and convenient to s t o r e for long p e r i o d s of t i m e and be 
read i ly d i spensed when needed. F u r t h e r m o r e , it shou ld be non tox ic and 
r easonab ly u n r e a c t i v e with s t r u c t u r a l m a t e r i a l s and the a t m o s p h e r e at 
o rd ina ry t e m p e r a t u r e s . A fu r the r d e s i r a b l e c h a r a c t e r i s t i c i s t ha t the fuel 
be read i ly oxidized by a t m o s p h e r i c oxygen a n d / o r be c a p a b l e of u n d e r g o i n g 
an e l e c t r o c h e m i c a l r e a c t i o n in a fuel ce l l . 

3. Chemica l C h a r a c t e r i s t i c s of F u e l R e a c t i o n P r o d u c t s 

The s a m e g e n e r a l r e q u i r e m e n t s a s to tox ic i ty and c h e m i c a l 
s tabi l i ty for the fuel apply to the r e a c t i o n p r o d u c t s of the e n e r g y p r o d u c i n g 
reac t ion . In the case of the h y d r o c a r b o n fue l s , the r e a c t i o n p r o d u c t s , of 
c o u r s e , a r e vola t i le and a r e e x h a u s t e d to the a t m o s p h e r e . D i s p o s a l of 
combus t ion p roduc t s in this m a n n e r i s not n e c e s s a r i l y a r e q u i r e m e n t for 
chemica l fuels in the n u c l e a r - c h e m i c a l fuel s y s t e m and, in fac t , th i s m a y 
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be undesirable from a mater ia l efficiency standpoint. A corollary is , if 
the reaction products a re to be retained, they must be in the form of liquids 
or solids, ra ther than gases. If they are gases , they must be of such nature 
that they can be exhausted into the atmosphere without danger. 

4. Natural Abundance of Fuel Supply Source 

The fuel raw mater ia l must be available in sufficient quantity 
and concentration to provide the large quantities of fuel required to support 
our t ransportat ion system. The total quantities in the ear ths crust of most 
mater ia l s that one might consider are sufficient but, ra ther , it is the lack 
of concentrated deposits which is usually limiting. In this connection, the 
regenerat ive fuel cycle wherein the converter reaction products a re retained 
and recycled to the nuclear processing plant is attractive because of a good 
mater ia l efficiency. However, in the case of a raw mater ia l which is readily 
available and access ib le , e.g., water , a high mater ia l efficiency is not par 
t icularly important. 

B. Survey of Elements and Compounds for Use as Fuels 

In selecting suitable mater ia l s for use as fuels, consideration has 
f irs t been given to the energy storage capability of the mater ia l , since 
listing of this pa ramete r for a number of mater ia l s very quickly narrows 
down the available selections. In the chemical binding of a toms, the amount 
of energy re leased or absorbed is proportional to the nunaber of chemical 
bonds formed or severed, for a given type of bond. Consequently, as might 
be expected, the formation of compounds between the lighter atoms give 
greater amounts of energy per unit weight of mater ia l than those formed 
between la rger or heavier a toms. Therefore, the mater ia l s of in teres t for 
high energy storage fuels a re the elements in the f irs t few periods of the 
periodic table. 

The good storage capability of hydrocarbon fuels is due to the fact 
that they are composed of two of the lightest e lements , hydrogen being 
f irst , and carbon number six in the periodic table. It is evident that an 
al ternate fuel cannot s t ray too far from these positions in the periodic table 
if it is to give performance approaching that of a hydrocarbon fuel. A fur
ther advantage of hydrocarbon fuels is that they can be oxidized readily by 
the oxygen in a i r , thus eliminating the need for carrying with the converter 
one constituent of the energy producing chemical reaction. This resul ts in 
a considerable saving in fuel weight as evidenced by the fact that a molecule 
of carbon dioxide contains only twenty-seven per cent carbon by weight and 
a molecule of water contains only eleven per cent of hydrogen by weight. 
It is desirable for an al ternate chemical fuel to take advantage of the at
mospher ic oxygen in the same manner , if possible. 

Figure 3 shows the energy storage capability plotted versus the 
atomic weight of the element for a se r ies of light element oxides and 
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n i t r i d e s . As can be seen f rom the f i gu re , t h e r e is ^ ^ J " P ^ ^ °P f ^^^^^^^ 
energy s to r age capabi l i ty with i n c r e a s i n g a t o m i c weigh t . A l s o , the e n e r g y 
s to r age i n c r e a s e s with i n c r e a s i n g quant i ty of oxygen or n i t r o g e n in the 

l i ^ ^ o r n i t r ide combus t ion p roduc t ( m c r e a s i n g n u m b e r ° ^ ^ ° f ^ f J ^ ^ ^ f 
The hea t s of fo rma t ion of n i t r i d e s a r e c o n s i d e r a b l y lower than the c o r r e 
sponding ox ides . Hence , the f o r m a t i o n of n i t r i d e s as r e a c t i o n p r o d u c t s 
should be avoided for m a x i m u m fuel p e r f o r m a n c e . 

T T 

^ ^ ^=^ 
W 50 6 0 

ATOMIC WEIGHT OF ELEMENT 

F I G . 3 

ENERGY A V A I L A B L E BY O X I D A T I O N AND N I T R I D I H G OF L I G H T E L E M E N T S 

Table 6 gives energy s to r age data for the l ight e l e m e n t s and l ight 
e l ement hydr ides up to and including ca l c ium (a tomic weight - 40 .1 ) , for 
the format ion of the i r ox ides . The co lumns l a b e l e d W^/Wj and V^/Vf give 
the ra t io of the weights and volunnes of combus t i on p r o d u c t s to the weight 
and volume of the or ig ina l fuel. These r a t i o s a r e of i n t e r e s t in c o n s i d e r 
ing the r e g e n e r a t i v e type of fuel cycle w h e r e i n the r e a c t i o n p r o d u c t s would 
be r e t a ined in s e p a r a t e tanks for r e t u r n to the p r o c e s s i n g p lan t for r e g e n 
era t ion . In such a cycle , the ox id ize r m a y be a t m o s p h e r i c a i r , but if the 
combust ion p roduc t s a r e r e t a ined , the to ta l weight of c o m b u s t i o n p r o d u c t s 
s to red when al l the fuel is spent is equa l to the we igh t of fuel p lus the 
oxygen used to burn it. In this c a s e , the saving in weight due to the us ing 
of a t m o s p h e r i c oxygen is not too meaningfu l s ince the veh i c l e m u s t have 
provis ion for s to r ing this addi t iona l weight as fuel is ox id ized . The c o n 
venience of not r equ i r ing s t o r a g e space for o x i d i z e r as a p r i m e fuel r e 
m a i n s , however . 
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ENERGY STORAGE FOR LIGHT ELEMENTS AND COMPOUNDS BY FORMATION OF THEIR OXIDES 

Chemical 

Fuel 

"2 
B5H5 

ee 
B 

(^s îs 
(gasoline! 

Li 

LiH 

LiAIH4 

PH3 

C 

Al 

SI 

Mg 

P 

NH3 

Ca 

HjS 

N2H4 

NaH 

S 

Na 

KH 

K 

•Wc 

A H per 
Unit Wt. 
of Fuel 
(kcal/g) 

28.9 

16.2 

16.1 

13.9 

10.6 
1 

10.3 

9.74 

9.55 

7.90 

7.83 

7.39 

7.20 

5.91 

5.81 

3.99 

3.78 

3.63 

3.49 

2.69 

2.21 

2.16 

1.54 

1.10 

weiqht of combustion 1 

weight of fuel 

Fuel 

Density 

(g/cm3| 

o.anut 

0.61 

1.85 

2.32 

0.703 

0.53 

0.78 

2.55 

O.liLS 

2.0 

2.7 

2.0 

1.74 

1.82 

0.817l€) 

1.55 

- M l 

1.01 

1.40 

2.05 

0.97 

1.45 

0.86 

products 

A H per 
Unit Vol. 
of Fuel 

(kcal/cm'l 

2.05 

9.9 

29.8 

32,4 

7.46 

5,30 

7,59 

23.4 

5.89 

15,7 

20,0 

14.4 

10.3 

10.6 

3,26 

5,86 

3,63 

3,52 

3,77 

4,52 

2,09 

2.23 

0.946 

Oxidation 

Products 

H2O 

B2O3, H2O 

BcO 

B2O3 

CO2, H2O 

Li20 

Li20, H2O 

Li20, AI2O3 

P2O5, H2O 

CO2 

AI2O3 

Si02 

MgO 

P2O5 

NO2, H2O 

CaO 

SO2, H2O 

NO2, H2O 

Na20, H2O 

SO2 

Na20 

K2O, H2O 

K2O 

Vc volume of comb 
V( volume 

A H per 
Unit per 

of Combus
tion Products 

(kcal/gl 

3,21 

4,02 

5,81 

4.33 

4,59 

4,79 

3,23 

3,54 

2,74 

2,13 

3,93 

3,36 

3,56 

2,54 

0,928 

2.70 

1.51 

0.871 

1,61 

1,11 

1,60 

1,11 

0,916 

ustion products 
of fuel 

Wc- " c " 

W( V, 

9,0 0.639 

4,03 1,69 

2,77 1,70 

3,21 4,04 

Volatile Products 

2,15 0,567 

3,02 1.61 

2,70 3.80 

2,88 1,27 

Volatile Products 

1,88 1,28 

2,14 1,84 

1,66 0,806 

2,29 1.74 

Volatile Products 

1,40 0,653 

Volatile Products 

Volatile Products 

1.67 1,32 

Volatile Products 

1.35 0.576 

1,39 1.05 

1,20 0.445 

As can be seen from the table, hydrogen, the lightest element, has 
the best storage capability per unit weight, but, due to the very low density 
of liquid hydrogen, requires greater volume than most other fuels. As 
would be expected, only the very lightest elements and their hydrides, 
namely lithium, beryllium, and boron (beryllium does not form a hydride) 
give greater energy storage than gasoline. Of the remaining elements and 
hydrides listed in the table, most have a performance on a weight or volume 
basis at least equal to half that of gasoline or better. 

Table 7 l ists the melting and boiling points of the various oxides, 
nitrides and fluorides of the light elements. As can be seen from this 
data, the only fuel mater ia ls other than hydrocarbons giving volatile oxide 
combustion products are hydrogen, carbon, hydrogen sulfide, sulfur, 
ammonia and hydrazine. A wide variety of possibilities for forming dif
ferent fuels exists by combining various elements listed in Table 7. In 
this manner , it may be possible to form a fuel with more desirable physi
cal propert ies for handling, etc. If the reaction between the two elements 
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n,o Plpments If the combina t ion is e n d o t h e r m i c , tne e n e r g y 
decompos ing the e l e m e n t s , it t b e c o m e s a v a i l a b l e in add i t i on 
s t o r a g e wil l be i n c r e a s e d s ince this ene rgy "<= 
to the heat of combus t ion on d e c o m p o s i t i o n of the e l e m e n t s . 

Table 7 

PROPERTIES OF OXIDES. NITRIDES AND FLUORIDES OF LIGHT ELEMENTS-

Nitrides Fluorides 

Element 

H2 

Li 

Be 

B 

C 

N 

F 

Na 

««! 
Al 

Si 

P 

S 

CI 

K 

Ca 

Atomic 
Weight 

1,008 

6,94 

9,01 

10,82 

12,01 

14,01 

19,00 

22-99 

24,32 

26,97 

28,06 

30,98 

32,07 

35,46 

39,10 

40.08 

Formula 

H2O 

Li20 

BcO 

B2O3 

CO 
C02 

N2O 
NO 
N2O3 

NO2 
N2O5 
NO3 (d s 

F2O 

NajO 

Na202 

MgO 
Mg02 

AI203 

SiOj 

P2D3 
P2O4 
P2O5 

SO 
S203 

S02 

so, 
S207 
S04 

CI20 
CI02 
CI04 

K20 

K202 
K203 
K02 

CaO 

Ca02 

Melting 

Point 
l°CI 

0 

>1700 

2530 

-450 

-207 
-56,6 
(5,2atm) 

-102,4 

-163,6 
-102 
-93 
30 

Boiling 

Point 
("0 

100 

-3900 

1500 

-190 
-78,5 
(si 

-88,49 
-151,8 
3,5 (d) 
21,3(dl 
47(d) 

lightly at ordinary temperature) 

460(d) 

2800 

2050 

1710 

23,8 
>100 
563 

(d) 
75-95 (d) 

-75,5 
16,8 

0 
0-3ldl 

-20 
-59 

490 
430 
-400 

2580 
275(41 

-167 

1275(sl 
657(d) 

2250 

2230 

173 
IBOIsl 
347 (si 

(d) 

-10,0 
44,8 
10 Is) 

3,8 
9,9 
(dl 

Id) 

2580 

Formula 

Li3N 

Be3N2 

BN 

N33N 

Mg3N2 

AIN 

Si3N4 

P3N5 

S4N2 
S4N4 

CIN3 

K3H 

Ca3N2 

Melting 

PC) 

<100 

2200 ± 100 

3000 (s) 

300101 

1500(d) 

>2200 

1900 press: (s) 

800 (dl 

11 
179(s) 

Id) 

900 

Soiling 

Point 
("C) 

(d) 

2240(d) 

2000(s) 

(d) 
160lel 

-

Formula 

HF 

LIE 

BeF2 

BF3 

CF4 

NF3 

NaF 

MgF2 

AIE3 

SiF4 

Pf3 

5F6 

KF 

CaF2 

Melt ing 
Point 

CCI 

-92,3 

870 

800 

-127 

-184 

-216.6 

980-997 

1396 

1040 

-77 

-160 

-50,8 
(under 

pressure) 

880 

1360 

Boiling 

Point 

(»C) 

19,4 

1676 

-101 

-128 

-120 

1700 

-
-65 (181mm) 

-90 

-63,5 (s) 

1500 

-
"Source: Handbook of Chemistry & Ptiysics 

(dl - decomposes; (si - sublimes; (e) - explodes 

The poss ib i l i ty of using the e x o t h e r m i c h e a t s of f o r m a t i o n of sonne 
in t e rme ta l l i c compounds with the l ight e l e m e n t s h a s a l s o been c o n s i d e r e d . 
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However, as shown by the data of Table 8, heats of formation of the in-
te rmeta l l ics tend to be much lower than the formation of corresponding 
metal oxides, and hence, these reactions give a much lower energy re lease 
per weight of reactants than the oxidation react ions. 

Table 8 

HEATS OF FORMATION OF SOME INTERMETALLIC COMPOUNDS* 

Compound 

KjSe 

Na2Se 

SrSe 

Al jCa 

AlNi 

Li4Sn 

AI5C02 

MgjSi 

LijSnz 

* S o u r c e ; 

H e a t of F o r m a t i o n 
(-AH) 

k c a l / m o 

79.3 

63.0 

83.0 

56.0 

34.0 

47 .0 

70.0 

18.6 

66.0 

C, J . Sm: 

1 

i the l l 

k c a l / g 

0.505 

0,504 

0,495 

0.463 

0.396 

0.320 

0.276 

0.245 

0.242 

s, M e t a l s 

Compound 

Al^Fe 

NajBi 

HgLi 

HgzLi 

K2Na 

P b T e 

HgNa 

Hg4Na 

Heat of F o r m a t i o n 
( 

k c a l / m o 

20.0 

45.6 

21.0 

25.0 

5 .7 

8 . 4 

10.2 

20.0 

-AH) 

I 

R e f e r e n c e Handbook, Volume 

k c a l / g 

0,182 

0,166 

0,101 

0,061 

0.056 

0.050 

0.045 

0.024 

• II, 

It appears then that the number of chemical reactions which can 
give energy r e l eases per unit weight of reactants equaling or exceeding 
those obtainable with hydrocarbon fuels are very limited. Oxidation r eac 
tions involving the very light elements and/or their hydrides appear to be 
the only ones capable of giving this performance. It is true that the forma
tion of the fluorides of these e lements , in general , give energy re leases 
comparable to those obtained with oxygen and, in some cases , even some
what better r e l e a se s ; however, reactions involving fluorine have not been 
given ser ious consideration here because the inconvenience associated 
with its use as an oxidizer is greatly outweighed by the advantage of using 
oxygen, par t icular ly a tmospheric oxygen. The same considerations apply 
to chlorine, which has a further disadvantage of giving lower energy r e 
leases in general than the reactions with oxygen. The formation of phos
phides and sulfides also give lower energy re leases than the oxides. 
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C, Fue l P r o c e s s i n g ^ n d J l e g e n e r a t J £ n _ C y c l ^ 

1. Abundance of Light E l e m e n t s 

As can be seen f rom the data of Tab le 9, m o s t of the l ight e l e 
m e n t s a r e p r e s e n t in the e a r t h ' s c r u s t in suff icient q u a n t i t i e s to p r o v i d e 
" r g e suppUes of fuel. However , the loca t ion of d e p o s i t s of an e l e m e n t m 
sufficient concen t ra t ion to w a r r a n t a r e a s o n a b l y e c o n o m i c r e c o v e r y is m o s t 
often the l imi t ing fac tor . Light e l e m e n t s a r e p r e d o m i n a t e m the f i r s t e igh t 
e l e m e n t s in abundance which cons t i tu te 99% of the e a r t h ' s c r u s t . T h e s e 
e l e m e n t s in d e c r e a s i n g o r d e r of abundance a r e : oxygen, s i l i con , a luna inum, 
i ron , ca l c ium, sodium, p o t a s s i u m , and m a g n e s i u m . A l u m i n u m is the t h i r d 
l ight e l emen t m product ion quant i ty , being l e s s only than c a r b o n and su l fu r . 
As shown by the data m the t ab le , many of the o t h e r l ight e l e m e n t s a r e p r o 
duced in signif icant quan t i t i e s . 

Table 9 

ABUNDANCE AND YEARLY PRODUCTION OF LIGHT ELEMENTS* 

Elemen t 

Li thium 

Bery l l ium 

Boron 

Sodium 

Magnes ium 

Aluminum 

Silicon 

Abundance in 
E a r t h Crus t 

fppm) 

6 5 

6 

3 

28,300 

20,900 

81,300 

277,200 

Year ly P r o d u c t i o n 
a n d / o r Consump

tion in the USA 
(tons) 

2500 a s Li^O (1955) 

8178 a s be ry l (3 BeO-
AljOj- 6 Si02)(l959) 

800,000 as bo rax 
(Na2B4O2-10H2O)(l961) 

112,019 as Na m e t a l 
(1959) 

30,000 as Mg m e t a l 
(1959) 

1.95 X 10^ as Al m e t a l 
(1959) 

14,000 as Si " m e t a l " 
(97% Si) (1959) 

Refining 
P r o c e s s 

E l e c t r o l y s i s of 
fused L iCl 

Reduc t ion of B e F 
wi th M g - K j e l l g r e n 
p r o c e s s 

Reduc t ion of BCI3 
wi th H2 in e l e c t r i c 
a r c 

C a s t n e r c e l l -
e l e c t r o l y s i s of 
fused NaCl 

E l e c t r o l y s i s of 
fused MgCl2 -
Dow p r o c e s s 

E l e c t r o c h e m i c a l -
Hall p r o c e s s 

Ca rbon r e d u c t i o n in 
e l e c t r i c fu rnace 

P r i c e 
( $ / l b ) 

1 0 

7 0 

13 

0,17 

0.35 

0 , 2 7 

0.19 
(97% Si) 
3 6 0 

( s e m i c o n d u c t o r 
g r ade) 

Phosphorus 

Sulfur 

Potassium 

1,180 367,374 as elemental 
P (1959) 

520 5.22 X 10^ as elemental 
S (1959) 

25.900 25 as K metal (1949) 

810 X 10'' as coal and 
crude oil (1958) 

•Source; Refs. 18, 19, and 20. 

Carbon reduction in 
electric furnace 

Produced as ele
ment by Frasch 
process 

Electrolysis in 
modified Castner 
cell 

Mined as coal and 
hydrocarbons 

0.19 

0.025 

3.66 

0.05 
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Obviously, any mate r ia l used as a fuel in the t ransportat ion system would 
have to be made available in fairly large quantities. For example, if all 
the automobiles now existing in the United States were supplied with an in
ventory of two-hundred pounds of aluminum for fuel, the total quantity 
required would be around 7 x lO' tons. This is equivalent to our total alu
minum production for three to four yea r s . Once the inventory was supplied 
to a vehicle, replacement, except for the loss in regenerative processing, 
would be unnecessary. Thus the load on the pr imary production facilities 
would be reduced. 

Detailed estiimates of the maximum production rates of the 
light elements have not been made here and, indeed, such an estimate is 
difficult to make without knowledge of many economic factors . Therefore, 
the production of relatively large quantities of some light elements which 
are produced in only small quantities at the present t ime, due to limited 
demand, should not be discarded as a future possibility. Unless these 
mater ia l s have some definite advantages over those available in greater 
quantity and at lower cost, however, there is no incentive for their use. 

2. Methods of Production Currently in Use 

As shown in Table 9, the light elements are produced mainly 
by either of two methods, namely, electrochemical or electrolysis p roc
esses and reduction with carbon. Fur the rmore , even some electrochemical 
p rocesses a re dependent on a supply of carbon. For example, the Hall 
process for the production of aluminum uses consumable carbon anodes 
which react with the oxygen l iberated from electrolysis of the aluminum 
oxide. Some of the elements produced in smaller quantities are prepared 
by reduction with magnesium. The following is a brief description of 
some of the more prominent p rocesses for producing the light elements . 

a. Hydrogen by Electrolysis of Water 

The production of hydrogen by water electrolysis is the 
third most important in t e rms of quantity of hydrogen produced. It is ex
ceeded by s team-hydrocarbon and s team-carbon cracking processes which 
both consume large quantities of carbon and hydrocarbons. Hydrogen is 
produced by e lect rolys is of a 25-35 wt-% solution of NaOH or KOH. The 
process is charac te r ized by high current efficiencies (96-100%) and the 
cells operate at a voltage of 2.0 to 2.25 volts. Power consumption amounts 
to 150 kw-hr/lOOO ft^ (S.T.P.) of gas. This is an energy efficiency of about 
60%. The cells operate at current densities up to 200 amps/ft^. 

b. Sodium Production from the Castner Cell 

Sodium can be produced by electrolyzing a bath of fused 
sodium hydroxide containing sodium chloride to improve conductivity. 
Water and oxygen a re produced at the anode and the water so formed reacts 
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with one-hal f the sodium P ^ - ^ - ^ J - : ^ L ^ - - % L ' T e U r o ; r r " e ° l t a 
sod ium can neve r be m o r e than 50% of t h e o r e t i c a l a m p s / f t ^ The 
vol tage of about 5 vol t s and c - e - ens i l e s as h igh as^ î BOO ̂ m p ^ 
c u r r e n t eff iciency a v e r a g e s 36/o lo r long p e r i o 
by e l e c t r o l y s i s o ' f u s e d sod ium c h l o r i d e in the Downs p r o c e s s . 

c. M a g n e s i u m P r o d u c t i o n by the Dow P r o c e s s 

M a g n e s i u m hydrox ide is p r e c i p i t a t e d f r o m s e a w a t e r by 

the addi t ion of l ime acco rd ing to the following r e a c t i o n : 

MgCl2 + Ca(OH)2 • Mg(OH)z + CaCl j 

M a g n e s i u m ch lo r ide is f o r m e d f r o m the h y d r o x i d e by 
t r e a t i n g wi th h y d r o c h l o r i c ac id . The m a g n e s i u m c h l o r i d e is then a d d e d 
to a bath of fused c h l o r i d e s f r o m which m a g n e s i u m and c h l o r i n e a r e f o r m e d 
by e l e c t r o l y s i s . The ch lo r ine is b u r n e d wi th n a t u r a l gas and s t e a m to f o r m 
h y d r o c h l o r i c ac id which is then r e c y c l e d . 

d. Aluminum P r o d u c t i o n by the Hal l P r o c e s s 

Aluminum is p r o d u c e d by e l e c t r o l y s i s of a ba th of m o l t e n 
c ryo l i t e (NasAlFj,) containing d i s s o l v e d a l u m i n a . The ce l l c a s i n g , l i ned 
wi th ca rbon , f o r m s the cathode and the a l u m i n u m l i b e r a t e d f r o m so lu t i on , 
having a s l ight ly h igher dens i ty than the e l e c t r o l y t e , s e t t l e s to the b o t t o m 
forming a l a y e r on the c a r b o n l in ing . The ce l l anode l i k e w i s e is c a r b o n 
and the oxygen r e l e a s e d r e a c t s wi th it to f o r m c a r b o n d iox ide . In a l u m i n u m 
produc t ion a p p r o x i m a t e l y t w o - t h i r d s of a pound of c a r b o n is c o n s u m e d p e r 
pound of a luminum p roduced and the anodes m u s t be p e r i o d i c a l l y r e p l a c e d . 
The consumpt ion of e l e c t r o l y t e i s about o n e - t e n t h pound p e r pound of a l u 
m i n u m . It r e q u i r e s two pounds of a l u m i n a to p r o d u c e one pound of a l u m i n u m . 
The e l e c t r i c a l power r e q u i r e m e n t is 10 k w - h r / l b of a l u m i n u m , g iv ing an 
ene rgy efficiency of 39% (not inc luding c a r b o n c o n s u m e d ) . All a t t e m p t s to 
p roduce a l u m i n u m by d i r e c t c a r b o n r e d u c t i o n have g iven p o o r r e s u l t s b e 
cause of the fact tha t t e m p e r a t u r e r e q u i r e d for the r e d u c t i o n of a l u m i n u m 
by ca rbon (1800°C) is too c lo se to the boi l ing po in t of a l u m i n u m . 

e. Si l icon P r o d u c t i o n in the E l e c t r i c F u r n a c e 

Sil icon of 98% p u r i t y is p r o d u c e d by c a r b o n r e d u c t i o n of 
pure s i l i ca in an e l e c t r i c f u r n a c e . 

f. P h o s p h o r u s P r o d u c t i o n by Hea t E l e c t r i c A r c P r o c e s s 

P h o s p h o r u s is p r o d u c e d in the e l e c t r i c a r c f u r n a c e by 
r e a c t i o n of phospha te o r e s wi th s i l i c a and c a r b o n . The bulk of the e l e 
m e n t a l p h o s p h o r u s p r o d u c e d in th i s m a n n e r i s u s e d in the p r o d u c t i o n of 
phosphor ic ac id . 
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A salient feature of the chemical processing cycles is that 
they usually involve the utilization of hydrocarbons and/or carbon for their 
chemical proper t ies in the reaction in addition to their use as heat producing 
fuels. This is true even in a large majority of the electrolysis reactions by 
which light elements may be produced from their chlorides, since the r e 
generation of hydrochloric acid is often accomplished by burning chlorine 
evolved from the electrolytic cell with a hydrocarbon gas. Since nuclear 
energy cannot substitute for the chemical role of hydrocarbon fuels, it is 
necessary to devise production techniques which do not continuously con
sume hydrocarbons. In principle, some of the electro-refining processes 
which produce elements directly from their oxides, e.g., refining of alu
minum, could be accomplished without using carbon. Here, it is necessary 
to replace consumable carbon anodes with oxidation res is tant anodes. In 
any event, existing p rocesses for producing light elements must be modi
fied if nuclear energy and element ores are to be the only raw mater ia ls 
required. One possible modification is the use of nuclear radiation in the 
processing. 

3. The Role of Nuclear Radiations in the Processing Cycle 

The energy-producing reaction in a converter using chemical 
fuels is exothermic and the regeneration or processing reaction is endo
thermic . The promotion of chemical reactions by radiation is due to the 
formation of various hyperactive intermediate species such as ions, excited 
molecules, and free radica ls . It is the formation of a greater number of 
these active species at a given temperature than would otherwise exist due 
to thermal effects alone which causes faster reaction ra tes . The G values 
(molecules of a product produced per 100 ev absorbed) for radiation initiated 
chemical reactions vary from 0.01 to as high as ten thousand or more . A 
survey of most of the G values determined to date(2l) shows that typical 
values are seldom higher than 10 with many values being 5 or less . Fur 
the rmore , endothermic reactions tend to have lower G values than exo
thermic react ions . 

It is interesting to consider what the possible energy efficiency 
might be for the decomposition of light element oxides by radiation. The 
percentage of fission energy which finally appears in the surroundings as 
chemical energy in the fuel is given by GAHx/23 %, where, 

G = G value 

AH = heat of endothermic reaction, kcal /mol 

X = fraction of fission energy released in chemical reactants 
(fission recoi ls and nuclear radiations) 

The AH for the decomposition of alumina is 399 kcal /mol . If we assume a 
G value of 5 for this endothermic reaction, and an x = 0.2 (attainable with 
oxide fuel par t ic les 3 microns in diameter using highly enriched fuel) then 
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the over-all efficiency of conversion of fission energy to c h e - - ^ ! - - g ^ 
as given by the above expression is (5 x 399 x 0.2)/23 = 17%^ ^ZT^o 
electrochemical refining of aluminum, the energy f — ^ ^ J ^ . ^ ^ ^ ' ^ j ^ ^ ^ -
If we assume an electric power plant conversion efficiency of 35%, then 
the conversion of fission to chemical energy by this path becomes 
0 35 X 0 40 = 0.14 or 14%. This comparison points up the fact that 'he 
radiation decomposition path may be fairly attractive even though the 
G value is relatively low, if the AH of the endothermic reaction is large 
enough. In the case where the G value and heat of reaction are both lower, 
as in the radiation decomposition of water, the process is not nearly so 
attractive. For example, the G value for the decomposition of water is 
about 1, and the heat of reaction is 68 kcal /mol . With an assumed x, again 
of 0 2 this gives a conversion efficiency of 0.60%. The conversion of energ 
by the electrolysis of water would give (for an electrolytic cell efficiency 
of 60%) an over-all efficiency of about 21%. 

The formation of the light element oxides of in teres t involve 
AH's ranging from about 150 to 400 kcal /mol . Thus, the radiation decompo
sition efficiencies for these fuels for an assumed G = 5, and an x = 0.2 
might range from 6 to 17%. The radiation decomposition plant, at a chemi
cal energy conversion deficiency of 17%, then has available as heat the bal
ance of the fission energy or 83%. Presumably this energy could then be 
used in conventional power cycles to generate electrici ty. If this e lect r ical 
energy is then used for electrochemical reduction, say the case of the alu
minum fuel, an additional increment of 0.83 x 14% = 12% in fuel conversion 
could be obtained. For the aluminum production, this would amount to an 
aggregate efficiency for the plant of 17% + 12% = 29%. 

The greatest uncertainty in the above comparisons is that asso
ciated with the G value. While the value of 5 assumed is reasonable based 
on experience with a number of endothermic react ions, it would not be 
surprising to encounter actual values a factor of 1 0 lower experimentally. 
Reliable G values for these systems are necessary before final conclusions 
can be drawn. In summary, a G value of 5 for the reactions under consid
eration here is certainly interesting whereas a G value of 0.5 is definitely 
too low. Consequently, it would appear that G values greater than 2 or so 
would deserve closer study. 

The G values for the decomposition of some solid inorganic 
compounds are given in Table 10. These G values, with the exception of 
LiNOj, are in the range which is interesting for the decomposition of light 
metal oxides in a regenerative fuel cycle. If, however, the G values for 
the oxides are significantly lower than the values in the table, the nuclear 
radiations will not play a part in the fuel regenerat ion step. 
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Table 10 

YIELDS OF SOLID PHASE RADIOLYSES - A SELECTION* 

(Data a re for room tempera ture unless otherwise noted.) 

Reaction 

CO2 -— CO + ^ O2 

NaNj —• Na+ + 3/2 N2 + e " 

CsNOj—•CsNOz + I O2 

LiNOj —•LiNOz + | O2 

K C I O 3 — • { K CI, K CIO2, 

K CIO, O2J 

K 0104—^0.7 K CIO3 

+ 0.3 K CI + 0.95 O2 

•Source: Ref. 22 

Yield 

G (-CO2) = 9 (-200°C) 

G (-N3-) = 2 (-200°C) 

G(NO£) = 2G (O2) = 1.7 

G(N03-) = 2G (O2) = 0.02 

G(-CI03") = 3 

G(02) = 3 

' G ( - C 1 0 4 ) = 5 

0(0103-) = 3.5 

LG(CI-) = 1.5 

Radiation 

7 - r a y s 

X-rays 

7 - r ays . X-rays 

7 - r ays , X-rays 

7 - r ays , X-rays 

X-rays 



VI. CONCLUSIONS 

This s u r v e y has been d i r e c t e d t o w a r d finding c h e m i c a l fuels wh ich 
can c o m T e ^ e l ^ r h V r o c a r b o n fuels on an e n e r g y s t o r a g e b a s A . 
the l i s t of m a t e r i a l s m e e t i n g th i s c r i t e r i o n r a p i d l y --"r^'^^^^l^^^^ ^^^ 
below an a t o m i c weight of 40 o r so and t h e i r - - P ° " ' ^ ' ^ ^ \ - ^ ^ ^ Y s T a r a ° l e a l t 
use of a t m o s p h e r i c oxygen as the o x i d i z e r for t h e s e ^ f ^ r i a s h a s a l e a s t 
as good a hea t of r e a c t i o n as any a l t e r n a t e o x i d i z e r and h a s th^ a d ^ ^ ^ - ^ f 
advantage of being ava i l ab l e in the a t m o s p h e r e , t h e r e f o r e an a U r a c t n ^ e 
s c h e m e a p p e a r s to be the u s e of a t m o s p h e r i c oxygen wi th the I g h t e l e m e n t s 
as fue ls . Of al l the h y d r o c a r b o n s u b s t i t u t e s c o n s i d e r e d , only f ive , n a m e l y , 
hydrogen , hydrogen sulf ide, sulfur , a m m o n i a , and h y d r a z i n e , g ive g a s e o u s 
t x h i u s t products ' . However , t h e s e m a t e r i a l s a n d / o r t h e i r c o m b u s t i o n p r o d u c t s 
al l have c h e m i c a l and phys i ca l p r o p e r t i e s which r e n d e r t h e m u n d e s i r a b l e a s 
m a s s quant i ty fuels for t r a n s p o r t a t i o n u s e s . In s tudying the r e m a i n i n g m a 
t e r i a l s , t h r e e s tand out in t e r m s of ava i l ab i l i t y and c h e m i c a l and p h y s i c a l 
p r o p e r t i e s . T h e s e e l e m e n t s a r e m a g n e s i u m , a l u m i n u m , and s i l i c o n . All 
t h r e e a p p r o a c h h y d r o c a r b o n fuels in t e r m s of e n e r g y d e n s i t y , and they a r e 
r e l a t i v e l y abundant and p r o d u c e d in s ign i f ican t q u a n t i t i e s i n d u s t r i a l l y . 
The i r c h e m i c a l and p h y s i c a l p r o p e r t i e s m.ake t h e m a m e n a b l e to r o u t i n e 
handling on a l a r g e s c a l e as s u r f a c e t r a n s p o r t a t i o n fue l s . The p r o d u c t i o n of 
al l t h r e e e l e m e n t s would depend on the d e v e l o p m e n t of s u i t a b l e m a n u f a c t u r 
ing p r o c e s s e s which do not c o n s u m e c a r b o n . Th i s m a y be e a s i e r to a c c o m 
p l i sh in the ca se of a l u m i n u m s ince it i s r e a l l y only n e c e s s a r y tha t a 
n o n - c o n s u m a b l e subs t i t u t e be found for the g r a p h i t e anode of the a l u m i n u m 
refining ce l l . As men t ioned e a r l i e r , the p r o c e s s i n g c y c l e m i g h t be a dua l 
cycle involving r a d i a t i o n d e c o m p o s i t i o n and e l e c t r o l y s i s , if the G v a l u e s 
a r e high enough. 

The type of c o n v e r t e r which migh t be u s e d wi th t h e s e fuels i s an 
i m m e d i a t e ques t ion . M a g n e s i u m is the m o s t r e a c t i v e , and i t b u r n s r e a d i l y 
when hea ted in a i r . A l u m i n u m wil l a l so b u r n in a i r if i t i s in f inely d iv ided 
powder fo rm. 

Silicon is the l e a s t e l e c t r o p o s i t i v e of the t h r e e e l e m e n t s and it b u r n s 
with difficulty in a i r . A l u m i n u m and m a g n e s i u m a r e bo th v e r y r e a c t i v e 
m e t a l s if t he i r p r o t e c t i v e oxide coa t ings a r e r e m o v e d , w h e r e a s s i l i c o n is 
l e s s r e a c t i v e . T h e r e f o r e , both the m a g n e s i u m and a l u m i n u m can be con 
s i d e r e d for e i the r hea t engine type c o n v e r t e r s , involving c o m b u s t i o n in a i r , 
or fuel ce l l c o n v e r t e r s . 

Heat engines in the f o r m of i n t e r n a l c o m b u s t i o n e n g i n e s and d i r e c t -
cycle gas t u r b i n e s a r e not su i t ab l e for u s e wi th fue ls wh ich f o r m so l id c o m 
bust ion p r o d u c t s . T h e r e a r e , h o w e v e r , o t h e r t ypes of e n g i n e s wh ich m i g h t 
be c o n s i d e r e d for u s e with t h e s e fue l s . The S t i r l i n g , o r r e g e n e r a t i v e , e x 
t e r n a l combus t ion engine is one type , a l though it h a s not ye t b e e n a d a p t e d 
to s m a l l s i ze p o r t a b l e power p l a n t s . A n o t h e r p o s s i b i l i t y i s a c l o s e d - c y c l e 
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turbine using a working fluid such as water. Thermoelec t r ic and thermi
onic devices also can be readily adapted to the use of such fuels. The de
sign of the combustion chambers for these heat engines would involve 
engineering problems associated with the injection of solid fuels and the 
removal of solid combustion products , however, it appears that many of 
these problems would be s imi lar to those encountered in familiar chemical 
engineering unit operations such as fluidized beds and spray drying. The 
additional complication with these fuels is that a method for storing the 
solid combustion products would be required. This storage requirement 
is a penalty in comparison with fuels which exhaust combustion products 
to the a tmosphere . However, since it appears to be desirable, both from 
the mate r ia l conservation standpoint and due to the physical propert ies of 
the combustion products , this feature will be necessary if these fuels are 
used for large scale surface t ransportat ion applications. 

In a fuel cell, the problems associated with the handling of solid r e 
action products a re alleviated since they are dissolved in a liquid e lec t ro
lyte. Fuel cells also have obvious advantages for the use of solid metallic 
fuels since the electrodes can be fabricated from these mater ia ls readily 
and easily replaced as they a re consumed. The fuel cell is also easier to 
control and to s ta r t and stop in accordance with power needs than is the 
solid fuel burner . In the systems proposed here , the fuel cell would use a 
gaseous air electrode. To date, resul ts with this electrode in fuel cell 
systems where it has been tr ied have been notably poor due to the dilution 
of the oxygen with iner t nitrogen and because of l imits imposed by diffusion 
of oxygen through electrode membranes . Means must be found for improv
ing the performance of the air electrode in order to make fuel cells work
able with a tmospher ic oxygen. The type of fuel cell which might evolve for 
a par t icular fuel depends on a number of factors . However, higher reaction 
ra tes give higher power densit ies and can be obtained with increased tem
pe ra tu re s ; therefore, the higher tempera ture systems using fused salt 
e lectrolytes seem to be the most probable candidates. 

The important question of how best to fit nuclear energy into the 
future of small mobile power supplies remains unanswered. The ultimate 
form that the conver ters will take has an important bearing on this answer. 
It has been suggested by Weinberg that chemical fuels can be produced 
from carbonate rocks , water, and heat. If conventional hydrocarbon fuels 
can be produced in this manner , then perhaps internal combustion engines 
figure in the energy consumption picture for a long time to come. In any 
case the use of nuclear energy to synthesize chemical fuels appears to be 
an important facet of a future energy distribution system. The distribution 
of all consumed energy as e lect r ical power from large central station 
pl£5^s is not pract ica l . F u r t h e r m o r e , in the future, the new types of chem
ical fuels that will be desired depend largely on the developments in fuel 
cells and ba t te r ies . 
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